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Abstract 

To account for the effect of higher harmonic rotor blade con- 
trol (HHC) on the wake geometry and hence on blade-vortex 
interaction (BVI) locations, free-wake methods are regularly 
used within comprehensive rotor simulation environments. 
Prescribed wake formulations are much faster than free- 
wake codes, but they require simplified a priori information 
of the induced velocity field within the rotor disk to com- 
pute the wake perturbations generated by them. In this pa- 
per, a semi-empirical approach to account for the effects of 
HHC on the prescribed wake geometry is described and 
validated against data from the 2nd HHC Aeroacoustic Ro- 
tor Test (HART II). This covers the computation of the global 
induced velocity perturbations due to HHC from the blade 
loading time histories, the computation of the wake geome- 
try perturbations due to these (both are performed within 
DLR's high resolution comprehensive rotor code S4), and 
finally the noise radiation using DLR's acoustic code APSIM. 
The results have first been presented at the American Heli- 
copter Society 65th Annual Forum, Grapevine, Texas, May 
27-29, 2009. 
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Introduction 

In 2001, the second Higher Harmonic Control (HHC) 
Aeroacoustic Rotor Test (HART II) was jointly per- 
formed by US Army AFDD, NASA Langley, DLR, 
ONERA and DNW, [18], with the purpose of the gen- 
eration of a comprehensive data base of a 40% Mach- 
scaled Bol05 hingeless model rotor in descent flight 
condition where strong blade-vortex interaction (BVI) 
takes place. Measurements of rotor loads, blade lead- 
ing edge and - at one radial station - chordwise pres- 
sure distribution, and blade deformation by means of 
stereo pattern recognition (SPR) [15] were performed. 
Additional measurements covered the acoustic radia- 



tion and wind tunnel data. The emphasis was placed 
on measurements of wake vortex trajectories and ve- 
locity fields of individual tip vortices throughout the 
entire rotor disk. For this purpose, stereo particle im- 
age velocimetry (3C-PIV) was applied to obtain all 
three velocity components within the measurement 
plane. A large amount of work was spent on analysis 
of the PIV data to extract vortex positions in space and 
vortex parameters like core radius, swirl velocity pro- 
files, and dependency of these on vortex age [3], [19]. 
These data were used for code validation activities 
within the HART II team [11], [12], [14] and [20]. In 
2005, an international workshop was established 
where part of the data were made available to the in- 
ternational community for purposes of code validation 
[16]. Since then, regular workshop meetings took place 
at both the AHS Annual Forum and the European Ro- 
torcraft Forum. In most cases, these code validations 
utilized a loose (or soft) coupling approach of some 
sort of computational structural mechanics code (CSD) 
with a computational fluid dynamics code (CFD), 
mainly based on the solution of the Navier-Stokes 
equations. Numerous publications have evolved from 
this workshop activity, like refs. [4], [6] and [7]. 

While the CFD/CSD approach in general has the po- 
tential of highest fidelity results the most crucial point 
of the solution quality is to conserve the tip vortices 
for the duration of at least two rotor revolutions. Vari- 
ous attempts have been made to address this issue 
properly, amongst which a tremendous increase of 
grid cells beyond 100 million and higher order 
schemes [12], chimera grids for the tip vortices [4], a 
mixture of Navier-Stokes and Euler solutions [7], as 
well as hybrid approaches like coupling of CFD for the 
air loads with vortex lattice models for the wake [6] 
were shown. Lower order modeling included the ap- 
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plication of free-wake codes [14], and even prescribed 
wake with additional wake deflections due to har- 
monic rotor disk loading [20], where the underlying 
physics and modeling were published in ref. [21]. 
Compared to the CSD/CFD approaches, the usage of 
comprehensive codes with engineering reduced-order 
models for the structural dynamics, semi-empirical 
modeling of unsteady aerodynamics and vortex lattice 
modeling of the wake reduces the computational ex- 
pense by several orders of magnitude. Compared to a 
free-wake approach, a prescribed wake again can re- 
duce the computational effort by as much as one to 
two orders of magnitude. However, comprehensive 
codes require a proper representation of all the impor- 
tant physical phenomena that contribute to the desired 
solution. For the BVI noise radiation issue, these are: 

• Blade elastic motion in flap (first three modes), 
lead-lag (first two modes) and torsion (first 
mode) in the frequency range of up to about 
8/rev 

• Unsteady aerodynamics up to very high fre- 
quencies (BVI loading, up to about 160/rev) 

• Wake geometry and induced velocities 

While the blade motion due to its relatively low fre- 
quency content requires only a moderate resolution in 
time (i.e. azimuth; A^P ~ 10°) and space (i.e. radius; 
about 10 blade elements), the air loads needed for 
computation of the acoustic radiation may require 
both a high resolution in time (Af < 1°) and space (> 20 
blade elements). The wake geometry is essential for 
the BVI locations within the rotor disk and the tip vor- 
tex' circulation strength and swirl velocity profile is 
crucial for the induced velocities at the blade as input 
for the aerodynamic response. The high frequency air 
loads response in return is the source of the noise ra- 
diation computation. Thus, any piece of this computa- 
tional chain must be of appropriate accuracy in order 
to compute BVI noise to a sufficient degree of accuracy. 
The purpose of this paper is to demonstrate that even 
with prescribed wake codes the phenomena of active 
control can properly be addressed up to the computa- 
tion of BVI noise radiation. A key figure is the need to 
deform the wake geometry that is associated with 
higher harmonic loading distribution within the rotor 
disk. 

Computational Chain 

The working horse for isolated rotor simulation with 
high resolution at DLR is the S4 code (4th generation 
simulation code) [22]. Its first module, the structural 



mechanics part, consists of a pre-processor based on 
finite element analysis that provides natural modes 
and frequencies of the rotor blades in flap, lead-lag 
and torsion. During the rotor simulation, the dynamic 
response problem is solved by numerical integration 
based on a Runge-Kutta 4th order scheme with con- 
stant time stepping of 2° azimuth. The radial discreti- 
zation is usually 20 blade elements with constant an- 
nulus area, thus giving a concentration of elements 
and associated high spatial resolution towards the 
blade tip where the largest aerodynamic forces act. 

The second module is the semi-empirical unsteady 
aerodynamics routine, which describes the steady 
aerodynamic coefficients via mathematical formulas as 
a function of the Mach number components along the 
chordline direction, normal to it and the one in radial 
direction which generates a yaw angle. Its origins is 
from the formulation of Leiss [10] with multiple modi- 
fications and enhancements incorporated during the 
march of time. This aero model accounts for com- 
pressibility effects, stall and the effects of yaw. The 
unsteady model consists of two parts. Firstly, the 
geometric angle of attack time history as computed by 
the time history of blade motion and the Mach com- 
ponents is transformed into an effective angle of attack 
time history by means of the indicial function ap- 
proach in conjunction with the arbitrary motion theory 
[22]. In the incompressible case, this reduces Theo- 
dorsen's lift transfer function [17]. Secondly, the effec- 
tive stall angle is similarly computed, but with differ- 
ent time lag, which allows for computation of dynamic 
stall to a first order accuracy. However, for the opera- 
tional condition of this paper, no stall computation is 
needed. 

BVI related air loads are handled separately. Their in- 
put is the high frequency induced velocity part of the 
wake and the lift transfer function is different from 
that of the airfoil motion, since physically it is the 
problem of a gust with the vortex-induced velocity 
disturbance traveling over the chord of the section of 
interest. Thus, in the incompressible case, this reduces 
to Kiissner's lift transfer function [8]. The main differ- 
ence to the airfoil motion response is that at very high 
frequencies the gust transfer function approaches zero 
while the lift transfer function due to airfoil motion 
approaches 0.5. This leads to a much larger dynamic 
response reduction in the case of a gust compared to 
the case of airfoil motion. However, in steady condi- 
tions both functions start from 1 and the quasi-steady 
behavior is very similar for both. 
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The third part of S4's computational chain is the pre- 
scribed wake module [21]. In its origins, it is based on 
Beddoes' prescribed wake, ref. [1] (which is also de- 
scried in ref. [9], p. 457-458), corrected for the mean 
part of the underlying momentum theory induced ve- 
locity model, which is needed for computation of vor- 
tex trajectories in space and time. In S4, the entire tip 
vortex spiral is used, in contrast to Beddoes' further 
simplification replacing every vortex spiral by two 
straight vortices. The radial position of the tip vortex is 
computed based on the radial loading distribution on 
the blade, and multiple vortices of even different sense 
of rotation can be included dependent on the blade 
loading. For example, in high speed the second quad- 
rant of the rotor disk often experiences a download 
instead of lift at the blade tip, thus emitting a pair of 
counter-rotating tip vortices. In addition, higher har- 
monic control (HHC) can generate download at the 
blade tip area over a range of azimuth, which as well 
generates such a vortex pair. 

Beddoes wake geometry only depends on the mean 
thrust and the global operating conditions and thus 
any effect of harmonic rotor loading on induced in- 
flow and consequently on vortex trajectories is ne- 
glected. Therefore, it is insensitive to HHC, harmonic 
loading due to flight condition, or any other active 
control. The method described in this article pays 
more attention to the harmonic rotor loading which 
generates an associated harmonic inflow (based on 
momentum theory approach) that in turn modifies the 
vortex trajectories. In this way the vortex trajectories 
are sensitive to amplitude and phase of any sort of 
active control, and as well they are sensitive to any 
harmonic loading of the rotor such as in high-speed 
flight. This is the key feature that makes prescribed 
wakes applicable to BVI noise radiation computations 
[20], [21]. 

Based on S4 airloads as input, the sound propagation 
into the far field is calculated with APSIM. The meth- 
odology of APSIM is based on both permeable and 
non-permeable Ffowcs Williams-Hawkings (FW-H) 
formulation [9] as well as Kirchhoff formulations [2]. 
Only linear sound propagation is taken into account 
when the sound propagates away from the noise 
source surface. In this paper, acoustic results based on 
non-permeable FW-H surfaces method are applied to 
appropriately account for the monopole and dipole 
sources. The quadrupole noise contributions are not 
considered and assumed to be negligible for the flight 
conditions used in the paper. The calculations per- 
formed in the time domain, deliver a pressure time 



history at any observer location. This sound pressure 
time history is transformed into a Fourier series to ob- 
tain the acoustic spectrum. A more detailed descrip- 
tion of the implemented approaches and of the APSIM 
code can be found in ref. [23]. 

Modelling of the Wake 

Any prescribed wake model requires an underlying 
model for the induced inflow field A. as a function of 
x and y ( A . = induced velocity (pos. down), made non- 
dimensional by the rotor blade tip speed QR (wherein 
Q is the rotor rotational frequency and R is the rotor 
radius); x, y, z = rotor hub coordinates; x pos. down- 
stream, y pos. starboard, z pos. up). Thus, the vertical 
displacement of the tip vortices, z, can be computed by 
means of integration along its path downstream from 
the point of creation and requires the induced veloci- 
ties along this path. For this purpose, global induced 
inflow models of lower order are the best suitable for 
ease of integration. In general, these can be formulated 
with slope factors fc and ky like 



■ = k n +k„ 



R 1 R 



Generally, k Q = 1 and k = k v3 = are used. The mean 
induced inflow X m is computed iteratively by means 
of momentum theory (see ref. [9], p. 66-67) while the 
lateral and longitudinal gradients require deeper 
knowledge of the wake structure. A list of various 
sources from 1945 until 1981 is given in ref. [9], p. 118. 
To better account for roll-up of the wake at the sides of 
the disk, Beddoes [1] added the cubic part in y 



wherein k 



-k r . However, due to the absolute value 



of|v/7?| taken, this violates the momentum theory 

since the mean part of the inflow is not unity any more. 
Thus, as outlined in ref. [21], a correction to the mean 
part must be applied such that 

8fc„ 



= 1- 



Rotor Operating Condition 



*y3 



15k 



The mean operating condition investigated here is a 6° 
descent flight at an advance ratio of \x = 0.151 and a 
thrust coefficient of Ct = 0.0044. The rotor is a Mach 
scaled 40% model of the Bol05 main rotor with N = 4 
blades, R = 2m radius and a solidity of o = Nc/(7iR) = 
0.077 (the full-scale Bol05 has o = 0.07 and the model 
chord c is slightly increased relative to the full-scale 
rotor to account for Reynolds number effects). The 
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shaft angle is nose-up with a = 5.3° in the 6m x 8m 
open jet test section of the DNW, which - after appli- 
cation of wind tunnel corrections - reduces to effec- 
tively about 4.3° relative to the wind. In this situation, 
severe BVI noise is radiated from interactions in the 
first and fourth quadrant of the disk. Thus, the blade 
tip vortices must pass the rotor disk in these areas. 

Induced Inflow Distribution and Vortex Trajectory 

Vortex positions have been measured in HART II at 
y/R = ±0.7 from the point of creation downstream the 
disk and can be compared with the positions com- 
puted from the prescribed wake. Furthermore, the in- 
duced velocities at these positions can be extracted 
from the measurements and can as well be compared 
with the induced velocity distributions of the various 
low-order models. A list of results for the longitudinal 
and lateral inflow gradients obtained with the formu- 
las of various authors, see ref. [9], p. 118, is given in 
Table 1. 

TABLE 1 ESTIMATED VALUES OF FIRST HARMONIC INFLOW 
(C T =0.0044,// = 0.151, a m = 4.3°,/L =0.0146) 



Author 


K 


k y 




Coleman et. al. 


0.978 






Drees 


1.250 


-0.302 




Payne 


1.300 






White & Blake 


1.414 






Pitt & Peters 


2.005 






Howlett 


1.000 






Beddoes 


1.549 




-1.549 


Mangier 


2.880 






HART II 


3.564 







Additionally, a higher order global inflow model is 
given by Mangier. Therein, the steady part as well as 
the first harmonic part has radial shape functions and 
a magnification dependent on the rotor disk angle of 
attack, see ref. [13]. Although the distribution is highly 
nonlinear, a linear slope can be approximated and 
identified by means of a regression. Except for the 
Mangier model, the longitudinal slope is insensitive to 
the lateral position within the disk. For the lateral po- 
sition of y/R = 0.7 (advancing side) these gradients are 
summarized in Table 1 and the induced velocity dis- 
tributions of these models are shown in Fig. 1. Data 
identified by velocity measurements of HART II are 
given as well, but probably biased to some degree due 
to the presence of the tip vortices. Most of the models 
are close to each other, have a common point at x/R = 0, 
but have different gradients. Drees' model also has a 
lateral gradient which offsets the velocity distribution 
at this lateral position to lower values, which physi- 



cally means that on the advancing side more upwash 
relative to the retreating side is predicted in his model. 
Beddoes' uncorrected model shows even more up- 
wash (on both sides of the disk) while the correction 
for the mean downwash makes his model closer to 
Drees' curve. 
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FIG. 1 INDUCED INFLOW DISTRIBUTION AT y/R = 0.7 

In contrast to these low-order models, the higher- 
order model of Mangier (only the steady and first 
harmonic part taken into account) has already given a 
highly non-uniform inflow distribution with a much 
larger longitudinal gradient, see Table 1. In addition, 
the HART II data do not show the non-linearity of 
Mangler's model, rather a more linear increase of in- 
duced flow, but with about twice of the gradients sug- 
gested by all the models. 

The integration of all vertical velocities downstream of 
the point of tip vortex creation generates the tip vortex 
trajectory, i.e. its flight path through the rotor disk. To 
simplify the computation in the case of Mangler's ve- 
locity distribution, first of all, a regression with a third 
order polynomial is made, which is used for computa- 
tion of the trajectory. For all other models the data of 
Table 1 are used and the HART II data are taken from 
the experiment, corrected for the mean blade tip verti- 
cal position. The result is shown in Fig. 2. Those mod- 
els that only differ in the gradient of induced flow also 
differ only in the amount of vertical deflection of the 
trajectory, but it begins and ends in a common point. 
Drees' and Beddoes' models have more upwash on the 
advancing side, thus their trajectories end at higher 
positions. Correcting Beddoes' model with respect to 
the mean part lowers the trajectory close to Drees', but 
the larger gradient of Beddoes' model results in larger 
vertical deflections. 
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FIG. 2 TIP VORTEX TRAJECTORY AT y/R = 0.7 

The Mangier model initially shows a steep rise of the 
vortex, but then quickly turns this trend to the oppo- 
site due to its steep increase of downwash as seen in 
Fig. 1. Except for the first part of Mangler's model, 
none of the models is able to predict the tip vortex tra- 
jectory close to the measured positions, although the 
corrected Beddoes model nicely matches where the 
vortex comes close to the disk to generate BVI. 

Induced Inflow Model Enhancements 

Therefore, it is suggested that 1.7 times of the amount 
of the longitudinal induced flow gradient of Beddoes' 
model (i.e., k x = 2.633 ) is used in order to better repre- 
sent the induced velocity slope of the experiment 
(while the old value for the lateral gradient, i.e. fc/3, 
remains unchanged) and obtain deflections of the tip 
vortex trajectory as measured. The results are shown 
in Fig. 3 and Fig. 4 and the agreement with experimen- 
tal data is much better than that with the conventional 
models. 
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FIG. 3 INDUCED INFLOW DISTRIBUTION AT y/R = 0.7 
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FIG. 4 TIP VORTEX TRAJECTORY AT y/R = 0.7 

In addition to this modification, the induced inflow 
model of the prescribed wake has an extra part based 
on the harmonic content of the lift distribution in the 
rotor disk. As described in detail in ref. [21], the har- 
monic part of the lift is associated with a harmonic 
downwash distribution following the momentum the- 
ory. The tip vortices have to pass these additional 
downwash distributions along their way downstream 
through the rotor disk and thus gaining additional 
vertical deflections that depend on magnitude, phase 
and frequency of the harmonic lift content. Inthis way 
the prescribed wake geometry becomes sensitive to 
any HHC related loading and as well to harmonic 
loading due to the flight condition, or other active con- 
trol. 

With or without this part, in any case the azimuthal 
circulation distribution of the wake tip vortices de- 
pends on the azimuthal blade loading distribution. 
Thus, the global induced velocities are only marginally 
affected by the inclusion of the HHC wake geometry 
module and the low frequency aerodynamics as well 
as the associated blade dynamics are mainly un- 
changed. In contrast, the BVI interaction geometry, 
and with it the high frequency aerodynamic content of 
the aerodynamic loading which is the driving parame- 
ter for noise radiation, highly depend on this HHC 
wake module. 

An example for the additional wake deformations due 
to a 3/rev HHC with control for minimum noise (MN) 
and minimum vibration (MV) is shown in Fig. 5 (taken 
from ref. [21]; in this figure x, y, z are coordinates 
made non-dimensional by the rotor radius R). In the 
MN case, the vortices are deflected downwards in the 
right and left side of the rotor. This is because (due to 
the HHC phase) in the second and third quadrant ad- 
ditional lift is generated, causing an additional down- 
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wash that in turn convects the vortices down. In the 
center the vortices are lifted up due to a download in 
the front of the disk caused by HHC, which generates 
an up wash that convects the vortices upwards. Due to 
the different control phase in the MV case, the loca- 
tions of HHC-related lift and download and their up- 
and downwash areas are at other positions. 




(a) min. noise, y/ 3 = 300° , (b) min. vibration, y/ } = 180° 



FIG. 5 NORMALIZED WAKE DEFLECTION DUE TO 3/REV HHC 

It must be recalled that these deflections are only gen- 
erated by the HHC wake geometry module, while all 
classical prescribed wake codes do not change the 
wake geometry whatever the loading distribution 
within the rotor disk looks like. Consequently, the 
only change of BVI locations in all the classical pre- 
scribed wake codes is purely due to a different blade 
position at both the azimuth of vortex creation and the 
azimuth of BVI locations. The blade deflections due to 
HHC, however, are one order of magnitude less than 
the wake deflections, see refs. [16], [18], and thus by 
far insufficient to address the problem appropriately. 

Application to the HART II Cases 

The computational chain is now applied to simulate 
the operational conditions of 1) the HART II baseline 
case (BL), i.e. without HHC; 2) the minimum noise 
case (MN) with 3/rev HHC and a pitch amplitude of 
¥3 = 0.8° with a phase of ¥3 = 300° at the blade root; 
and 3) the minimum vibration case (MV) with the 
same HHC pitch amplitude but a different phase of ¥3 
= 180°. The computations are based on three flap 
modes, two lead-lag modes and the first torsion mode 
and the rotor is retrimmed in any case. 

For a proper computation of BVI, the blade motion 
must be simulated to a sufficient degree of accuracy 
since the blade motion a) partly influences the aerody- 
namic loading and with it the circulation that is fed 
into the wake system, b) defines the position in space 
where tip vortices are released into the flow and c) the 
blade position is important at the locations where BVI 
takes place since it partially defines the blade-vortex 



miss-distance that is important for the BVI intensity. 
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black: HART II experiment 

FIG. 6 VERTICAL BLADE TIP DEFLECTION 

Simulated results for the vertical blade tip deflection 
are compared to HART II experimental data in Fig. 6 
(a) for the BL case, in (b) for MN and in (c) for MV. 
The red lines are the simulation, wherein the solid line 
is without the HHC wake geometry module and the 
dashed line with this module. Since they are virtually 
the same, there is almost no difference with respect to 
blade motion. This is plausible since the blade motion 
is caused by the low frequency range of about 0-6/rev 
of the air loads and these are virtually unaffected by 
some tip vortex position changes. 
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Of most importance for correct air loads, simulation is 
the dynamic blade response in elastic torsion, espe- 
cially for soft-in-torsion blades like those of the Bol05 
with a natural frequency of about 3.6/rev, i.e. close to 
the HHC control frequency of 3/rev. Due to this prox- 
imity, a large magnification is to be expected. Finally 
the torsion adds to the local angle of attack and thus 
affects the lift, which in turn defines the tip vortex 
strength and its trajectory. 




90 180 270 

t/° * 

(a) BL case, no HHC 



360 




360 



(b) MN case, 3/rev HHC, = 300° 




360 



(c) MV case, 3/rev HHC, = 180° 

Red: S4 simulation (solid: without, dash: with HHC wake module), 
black: HART II experiment 

FIG. 7 BLADE TIP ELASTIC TORSION 

Results of torsion are given in Fig. 7 for the same cases 
as in Fig. 6. As in the flap response, the difference in 
simulation with or without the HHC wake geometry 



module is negligible. In all the three cases, the general 
torsion of the blade is nicely captured, i.e. the 2/rev in 
the BL case (a) and in the cases of HHC (b) and (c) the 
agreement with the experimental data is very good. It 
must be kept in mind that the blade root actuation of 
HHC has an amplitude of only 0.8°, while the tip re- 
sponse has amplitudes of up to 2.5°, i.e. a magnifica- 
tion factor of 3. It must be noted that part of the result 
is due to a flap-torsion coupling since the mass axis of 
the rotor blade has an offset relative to the elastic axis, 
such that any flap acceleration directly exaggerates 
torsion. In addition, any flap deflection causes a tor- 
sion moment as well due to the component of cen- 
trifugal forces normal to the blade, which as well acts 
at the center of mass. In total, both the elastic flap and 
torsion response of the blade are well captured by the 
simulation in all cases with or without HHC. As in the 
case of the flap motion, there is virtually no difference 
in using the HHC wake geometry module or not due 
to the same reason as explained before. 

Section Lift at 87% Radius 

At a radial station of r = 0.87 (r = radial coordinate, 
made non-dimensional by the rotor radius) the model 
rotor was equipped with a chordwise pressure sensor 
instrumentation that allowed the integration of the 
pressure distribution to compute the section lift and 
moment. This radius as well is representative for the 
most important BVI locations responsible for noise 
radiation. 

Therefore, the high frequency loading shows both the 
locations of BVI and its intensity. Here, the HHC wake 
geometry module will be very important. The presen- 
tation of results is split into two parts: firstly, the low 
frequency content (0-6/rev) of lift which is responsible 
for thrust and blade motion and secondly, the high 
frequency content (all above 6/rev) which contains all 
BVI events and is responsible for noise radiation. The 
low frequency content is compared to experimental 
data of HART II at the radial station r = 0.87 for the 
three fundamental cases as before in Fig. 8. In any case, 
the mean value as well as the low frequency content of 
the simulation (red) fits acceptably well to the experi- 
ment, and again the difference between inclusion of 
the HHC wake geometry module or computation 
without it is negligible, which could be assumed from 
the former results. 

The HHC cases in general have the correct phase in 
the simulated results, just the magnitude is somewhat 
over-predicted, which is in agreement with the torsion 



51 



www.aiaa-journal.org 



Advances in Applied Acoustics (AIAA) Volume 2 Issue 2, May 2013 



results for these cases, where the torsion amplitude as 
well is slightly larger than that in the experiment. 
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(c) MV case, 3/rev HHC, ¥3 = 180° 

Red: S4 simulation (solid: without, dash: with HHC wake module), 
black: HART II experiment 

FIG. 8 SECTION LIFT AT 87% RADIUS, 0-6/REV 

Vortex Induced Lift and BVI Locations 

Due to its small size in terms of the core radius at the 
time of BVI in the range of 10-15% of the airfoil chord, 
any blade-vortex interaction is a high frequency event. 
The location where this event is going to happen is 
highly sensitive to the global operating condition, i.e. 
the orientation of the rotor disk relative to the flight 
direction, and the rotor thrust. 

In addition, wake perturbations highly depend on the 



harmonic rotor loading distribution [18]. To clarify the 
importance of the latter which is a main subject of this 
paper, as well as the demonstration even with pre- 
scribed wake codes, this can be addressed properly. 
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(a) HART II, leading edge differential pressure 




(b) S4, CnM2, without HHC wake geometry module 
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(c) S4, CnM2, with HHC wake geometry module 

FIG. 9 BVI LOCATIONS AND INTENSITY, BL CASE, 
DATA > 6/REV 

Firstly, this is shown at the example of the BL case 
without HHC in Fig. 9. Although being of less impor- 
tance, this conventional operating condition already 
exhibits some dynamic fluctuations in the lift distribu- 
tion seen in Fig. 8 (a), which will cause some - yet 
small - additional wake perturbations relative to clas- 
sical prescribed wakes. Since the HART II experiment 
did not provide the section lift all along the span (just 
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at 87% radius), for purposes of qualitative comparison, 
the leading edge differential pressure is compared 
here with the section loading of the simulation based 
on CnM2 airfoil coefficients and thus any information 
of blade pressure distributions can not be given. How- 
ever, qualitatively both show BVI events in location 
and strength. This also is the reason why no scale is 
provided in Figs. 9, 10 and 11. In any case, the data are 
high-pass filtered such that all frequencies from 0- 
6/rev are removed. 

Fig. 9 (b) shows results without and with usage of the 
HHC wake module (c). The general effect of the HHC 
wake geometry module is here that the BVI peak loca- 
tions are radially shifted to little more outboard loca- 
tions, otherwise the differences are small as expected 
and no general conclusion about the validity of the 
model can be drawn so far. Of more interest are the 
HHC cases with a large harmonic lift content and as- 
sociated large additional wake deflections relative to 
the BL case. 

Results of the MN case are given in Fig. 10. Comparing 
the experimental data of the MN case in Fig. 10 (a) 
with that one of the BL case in Fig. 9 (a) two major ef- 
fects can be extracted that are caused by HHC. Firstly, 
on the advancing side (1st quadrant), the BVI peak 
locations have moved significantly inboard and the 
passage of blade tip vortices through the rotor disk 
happening earlier in the MN case compared to the BL 
case. Since the interaction now happens more inboard 
where lower Mach numbers are present compared to 
those at the tip the noise radiation of these BVI will be 
less intensive. Secondly, the interaction locations on 
the retreating side (4th quadrant) have as well moved 
to the front of the disk and now are not any more par- 
allel to the blade axis when the interaction takes place. 
This interaction geometry as well is a driving parame- 
ter of noise generation, which is maximum when par- 
allel interactions happen like in the BL case. 

In Fig. 10 (b) the S4 result using only classical pre- 
scribed wake is given. Compared to the BL case shown 
in Fig. 9 (b), the interaction locations have virtually not 
moved, and the only differences that show up are 
those due to different blade motion, which is virtually 
negligible since the vortex displacement due to HHC 
is one order of magnitude larger than the blade dis- 
placement. The inclusion of the HHC wake geometry 
module generates the result shown in Fig. 10 (c), 
which essentially has all features that the experiment 
in (a) has. On the advancing side, the trace of BVI has 
significantly moved inboard and on the retreating side, 



the BVI locations have moved forward within the ro- 
tor disk. On this qualitative basis the agreement with 
the experiment is very good. 
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(a) HART II, leading edge differential pressure 
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(c) S4, CnM2, with HHC wake geometry module 

FIG. 10 BVI LOCATIONS AND INTENSITY, MN CASE, 
DATA > 6/REV 

Finally, the MV case is investigated in the same man- 
ner. In Fig. 11 (a) the experimental data are given. 
They may be compared to both the BL case in Fig. 9 (a) 
and the MN case in Fig. 10 (a). Compared to the BL 
case, the azimuthal locations of BVI remain almost the 
same on both the advancing and retreating sides, but 
they have moved outboard towards the blade tip 
where the highest Mach numbers are present. Thus an 
increased noise radiation may be expected. 
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The classical prescribed wake generates a result shown 
in Fig. 11 (b). Compared to the result of the BL case in 
Fig. 9 (b) and the MN case in Fig. 10 (b) insignificant 
changes of the BVI locations are visible. As in the MN 
case, the only changes that can be seen are purely 
caused by a different blade motion. The inclusion of 
the HHC wake geometry module produces results as 
shown in Fig. 11 (c). As in the experimental data, there 
is a clear movement of the BVI locations towards the 
blade tip, especially on the advancing side, where the 
majority of noise is generated due to the larger Mach 
numbers compared to those present on the retreating 
side. 
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(a) HART II, leading edge differential pressure 
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(c) S4, CnM2, with HHC wake geometry module 

FIG. 11 BVI LOCATIONS AND INTENSITY, MV CASE, 
DATA > 6/REV 



From these results - at least from a qualitative point of 
view - the HHC wake geometry module produces the 
changes of BVI locations relative to the BL case with- 
out HHC in a correct trend. However, although this is 
a promising first result, it does only focus on the 
events within the rotor disk and fails to tell how good 
it is with respect to the entire tip vortex trajectory, i.e. 
the tip vortex flight path from its point of creation 
through the rotor disk with all the vertical up- and 
downwards convection. 

The same interaction location can be obtained with 
very different vortex trajectories - one flying very flat 
over the disk and another one flying initially pretty far 
upwards away from the disk, then turning to a steep 
downwards trajectory. The interaction location with a 
rotor blade may in both cases be the same. 

Tip Vortex Trajectories 

Next, the tip vortex trajectories of the HART II data 
are compared to the prescribed wake results for two 
lateral positions: y/R = ±0.7 (+: advancing side; -: re- 
treating side). First of all, the corrected Beddoes' wake 
geometry is used with the longitudinal gradient of the 
induced inflow of fe from Table 1 (denoted as "classic 
wake" in the following figures). Secondly, the modi- 
fied gradient is used (i.e., 1.7-fct) together with the 
HHC wake geometry module. The latter does not play 
a major role in the BL case as shown before. 

Results of the BL case are given in Fig. 12 (a) for the 
advancing side and in (b) for the retreating side. It can 
clearly be seen that the classic formulation has a much 
flatter trajectory than the experimental data, which has 
been already shown in Fig. 2 and in Fig. 4. The reason 
is that the longitudinal gradient of induced inflow, kx, 
is too small. The improvements that can be obtained 
using the modified value of kx are clearly visible: now 
the prescribed wake geometry is much closer to the 
experimental data. On the retreating side there is an 
almost perfect match with the trajectory as measured 
during HART II. 

Next, the same lateral position is taken to compare 
vortex trajectories in the two HHC cases. Here the 
HHC wake geometry module must show the addi- 
tional wake deflections due to active control of the 
rotor. For the MN case this is shown in Fig. 13, again 
in (a) for the advancing and in (b) for the retreating 
side. Of special interest and importance is the relative 
change of the trajectory with respect to the BL case, 
since the only difference is the addition of the HHC 
control, which modifies slightly the blade position but 
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largely the wake geometry, i.e. the tip vortex trajecto- 



ries. 
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FIG. 12 TIP VORTEX TRAJECTORIES, BL CASE 

Based on the comparison between Fig. 13 (a) with Fig. 
12 (a), the experimental data clearly show a much 
stronger downwards convection of the tip vortex in 
the MN case. Since the classical prescribed wake for- 
mulation does not account for any harmonic loading 
due to HHC or other reasons, the tip vortex trajectory 
is virtually the same in both the BL and MN cases. 
This is significantly changed when using the HHC 
wake geometry module. Here, the same trend as ob- 
served in the experiment is generatedthat the tip vor- 
tex trajectory is strongly convected downwards due to 
the HHC-related loading. This loading is increased 
relative to the BL case - see Fig. 8 (a) and (b) - at an 
azimuth of 135°, which is at the left side of Fig. 13, and 
consequently the induced downwash is proportionally 
increased, which is responsible for the stronger 
downwards vortex convection. 

A similar observation can be made on the retreating 



side, Fig. 13 (b), which must be compared to the ap- 
propriate part of the BL case, i.e. Fig. 12 (b). 
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FIG. 13 TIP VORTEX TRAJECTORIES, MN CASE 

Although not as strong as on the advancing side there 
is slightly more lift to the left of the figure due to HHC, 
and thus a slightly increased downwash. The vortex 
trajectory in the MN case is thus a little lower than that 
in the BL case, and again this is correctly predicted by 
the HHC wake geometry module. 

The last comparison is made with the same location in 
the MV case, which has the same HHC blade pitch 
control amplitude, but a different control phase. 
Therefore, the areas in the rotor disk where additional 
lift or download is generated by HHC are shifted to 
different azimuth positions. On the advancing side 
even a local download is present at the blade tip at y/R 
= 0.7. The vortex generated at the blade tip therefore 
rotates in opposite direction, compared to the BL and 
MN cases (both of them exhibit lift on the blade tip, 
see Fig. 8 (a) and (b), while the MV case in Fig. 8 (c) 
shows negative lift = download at 135° azimuth, which 
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is about y/R = 0.7). 

More inboard of the blade, the download turns into lift 
again, and this radial change of blade circulation 
causes a secondary vortex to be generated at an in- 
board location [16], [18], which roughly is located at 
80% radius. 
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FIG. 14 TIP VORTEX TRAJECTORIES, MV CASE 

Due to this download, an induced upwash is gener- 
ated that convects the tip vortex further up compared 
to that in the BL case. This is clearly seen in Fig. 14 (a), 
which must be compared to the same location of the 
BL case in Fig. 12 (a) and to the MN case in Fig. 13 (a). 
The tip vortex now is moved far atop the rotor disk 
and does not even pass it any more at the right side of 
the figure. Also, a secondary vortex could be meas- 
ured with opposite sense of rotation than that of the 
tip vortex as explained before. This secondary vortex 
is formed by a roll-up procedure of strong but radially 
distributed vorticity that is trailed into the wake be- 
hind the blade from a strong radial gradient of blade 
circulation. 



During this roll-up, it is very difficult to identify a vor- 
tex center in the velocity measurement data, which is 
the reason why the experimental data do not start at 
the blade. The HHC wake geometry module, however, 
allows for tracing back the inboard vortex up to the 
point of creation. The general trend of trajectory pre- 
diction appears to nicely match the experimental data. 
The conventional prescribed wake formulation, how- 
ever, again does not react to such loading and inflow 
modifications and thus its trajectory is virtually un- 
changed relative to the BL and MN cases. The retreat- 
ing side is given in Fig. 14 (b), which must be com- 
pared to the BL case in Fig. 12 (b) and the MN case in 
Fig. 13 (b). To the left of the figure the MV case has a 
less lift than the MN case, thus less downwash is cre- 
ated and the vortex trajectory is consequently more 
upwards. Like in the MN case, this trend is predicted 
by the HHC wake geometry module. 

BVI Noise Radiation 

The final goal of any such high fidelity rotor simula- 
tion is to compute the mid-frequency BVI noise radia- 
tion sufficiently well, and especially the changes of 
noise intensity due to changes in rotor operating con- 
dition, which in this case is the application of HHC. In 
the following figures, the BVI sound pressure levels 
based on 6-40 blade passage frequency are given in dB. 
The HART II data represent the average spectra of 100 
individual measurements. 

Firstly, the BL case is investigated and results of the 
HART II test, the simulation with conventional pre- 
scribed wake and the simulation with the inclusion of 
the HHC wake geometry module are shown in Fig. 15 
(a), (b) and (c). It can be seen that the conventional 
wake approach works quite well in this case, although 
on the advancing and retreating side the intensity is 
missed, which is also the case in the wake geometry 
including the enhancements. The drop of HART II 
noise levels in the centerline y/R = from the rotor 
center towards the rear of the disk is due to the fuse- 
lage fairing which is not taken into account in the 
simulated noise radiation. 

The ultimate test of the model, however, is in the ap- 
plication to HHC conditions. The conventional pre- 
scribed wake approach does not respond in the wake 
geometry to any dynamic load distributions in the ro- 
tor disk and the only changes in wake geometry are 
due to changes in blade motion. Nevertheless, all 
changes of aerodynamic loading alter the vortex circu- 
lation strength, which is included in both the conven- 
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tional approach and in the model with the HHC wake 
geometry module. The latter also tries to represent the 
additional wake geometry modifications due to any 
harmonic load distribution. 

Results are next shown for the MN and for the MV 
case, where 3/rev HHC is applied. The MN case 
should exhibit less noise than the BL case, and even 
more important, a change of directivity. This is seen 
when comparing the experimental data for MN in Fig. 
16 (a) with one of the BL case in Fig. 15 (a). The con- 
ventional wake generates significantly more noise (Fig. 
16 (b) compared with the BL results in Fig. 15 (b)). This 
is due to virtually unchanged BVI locations and in ad- 
dition the strength of the interacting tip vortex is 
stronger than that in the BL case - see the loading in 
Fig. 8 (a)-(b). This has been already observed in the 
high frequency load distribution part shown in Fig. 9- 
11 and in the vortex trajectories shown in Fig. 12-14. 




y[m] 

(a) HART II test (wind direction from top to bottom) 




y (m) y (m) 



(b) S4 with classic wake (c) S4 with HHC wake geometry module 
FIG. 15 MID-FREQUENCY BVI NOISE RADIATION, BL CASE 

The results with the HHC wake geometry module are 
given in Fig. 16 (c). Compared to the BL case in Fig. 15 



(c) a noise level reduction is predicted, although more 
than measured in the experimental data. Moreover, 
the tendency towards a directivity change more to the 
front of the disk is indicated by the result. However, it 
appears that the job is somewhat "overdone", i.e. the 
wake deflections appear larger than they should be 
with the consequences on the results as mentioned. 
The last validation is made with the MV case. Here a 
different HHC control phase is applied and thus the 
harmonic air load distribution is rotated in the rotor 
disk by the difference of the control phases. In terms of 
rotor azimuth, this is A¥ = A¥ 3 /3 = (300° - 180°)/3 = 40°. 




(b) S4 with classic wake (c) S4 with HHC wake geometry module 



FIG. 16 MID-FREQUENCY BVI NOISE RADIATION, MN CASE 

Results for MV are shown in Fig. 17. The conventional 
wake geometry has not changed, thus its directivity is 
the same as before and the different noise intensity is 
only due to different vortex circulation strengths. The 
inclusion of the HHC wake geometry module in Fig. 
17 (c) has also higher levels than the BL case, yet lower 
than the experiment. In addition, the reason appears to 
be in "overdoing" the wake modifications. As seen in 
the high frequency blade air loads in Fig. 11 (c) the BVI 
locations have moved into the right direction, but 
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more than in the experiment. Several interactions are 
now outside the disk instead of at the blade tip area. It 
is assumed that this is partly due to the modification 
of the inflow gradient, which was set at twice the 
value of Beddoes, see Fig. 3. 

Verification of the Inflow Gradient 

At the beginning of this paper, the longitudinal gradi- 
ent of the underlying global induced inflow model 
was more or less arbitrarily set to 1.7-kx = 2.633. The 
proof was only made via a better agreement with the 
measured vortex trajectory in Fig. 2 and Fig. 4. 




(a) HART II test (wind direction from top to bottom) 
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(b) S4 with classic wake (c) S4 with HHC wake geometry module 

FIG. 17 MID-FREQUENCY BVI NOISE RADIATION, MV CASE 

The question remains whether the actual resulting 
wake and its induced inflow velocity field indeed ap- 
proach this higher value. For this purpose the induced 
velocity field that is only computed at the blade ele- 
ments is taken and at a longitudinal cut at the lateral 
position of interest, i.e. y/R = 0.7, these data are ex- 
tracted from the simulation. 

The result is shown in Fig. 18. At the right side a 
strong BVI is visible. Although the distribution of data 
is highly non-linear in general due to all the discrete 



vortices and their circumferential flow field, the global 
trend is clearly linearly increasing from left to right. 
The negative values to the left indicate upwash at the 
front of the rotor disk, which is caused by the first tip 
vortex downstream of this location. 

Thereafter the induced inflow is essentially linearly in- 
creasing as suggested by many authors. However, the 
linear gradient that can be extracted by means of re- 
gression analysis has a value of kx = 2.4 on the advanc- 
ing and kx = 2.6 on the retreating side, which is signifi- 
cantly larger than most of the values suggested by 
various authors and listed in Table 1, but quite close to 
the value of kx = 2.633 as used in this study. 
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FIG. 18 INDUCED INFLOW OF THE MODIFIED WAKE 

The value of kx should be modified according to the 
results obtained within the wake simulation itself in 
order to represent an overall consistent approach. In 
future, an automatic iterative procedure is forseen that 
analyses this gradient at every wake iteration and ap- 
plies it to the next geometry computation. The lateral 
gradient can be dealt with in the same manner. 

Conclusions 

Conventional prescribed wake codes cannot simulate 
the effects of higher harmonic air loads distribution 
(like those caused by active rotor control) on the wake 
geometry with respect to BVI locations and their in- 
tensity, thus they must fail to predict the noise radia- 
tion. This applies to both, active control situations and 
high speed flight conditions where increasingly larger 
higher harmonic loading is also generated by the 
aerodynamic environment. 

It is possible to account for wake deflections caused by 
the harmonic blade loading distribution - at least to a 
first order of accuracy - originating from active control, 
HHC, or flight condition. These are added to the ge- 
ometry of any conventional prescribed wake geometry. 

The combination of elastic blades, unsteady lifting line 
aerodynamics and prescribed wake including deflec- 
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tions due to the higher harmonic air load distribution 
within the rotor disk leads to a significant improve- 
ment in prediction of noise radiation for both the base- 
line condition without and with HHC, here it is dem- 
onstrated at the example of 3/rev HHC. 

Prescribed wake codes are able to predict BVI noise 
radiation correctly in trend, and also the changes of 
noise radiation with respect to HHC or other sources 
of higher harmonic air loads. The pre-requisite is that 
a model is applied which accounts for additional wake 
deflections due to rotor harmonic loading. 

The HHC wake geometry module accounts for flight 
speed and thus it is considered generic. 
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